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料敏化太阳能电池 (DSSCs) 中的 TiO2 宽禁带半导体纳米材料与染料分子相互
作用的电子和光学性质进行了深入探究； 后针对小分子 CO 控制超薄贵金属
钯 (Pd) 纳米片的生长机理进行了探究。主要的研究内容和结论概括如下： 






     (2) 我们采用密度泛函方法对 D5 敏化的 TiO2 体系的态密度，能带结构，
以及光子吸收谱进行详细的理论研究和光谱指认。结果表明，D5 染料的电子注
入方式是直接注入，电子从染料分子的 HOMO-1 轨道跃迁到 TiO2 半导体材料的
导带，从而达到对宽禁带半导体 TiO2 敏化的效果。这一结果有利于从微观的角
度理解染料分子和半导体之间的相互作用。 
     (3) 采用密度泛函方法，对实验上得到稳定的小于 10 个原子层结构的钯蓝
纳米片的生长机理进行了研究。计算结果表明，Pd 纳米片表面的原位还原反应
的发生很可能是诱导 Pd 纳米片生长的原因。在单原子层 CO 覆盖度为 75%的条
件下，具有 8 层纳米结构的 Pd 纳米片是相同条件下 稳定的纳米片，此时的纳
米片与吸附在穴位的 CO 分子之间几乎没有发生电荷转移，此时的纳米片表面功
函数为 6.61 eV，相比于具有 7 层和 9 层纳米结构的纳米片分别高出 0.05 和 0.03 
eV，说明 8 层时已达到 稳定状态。 
 
关键词：密度泛函理论；第一性原理计算；单壁 B2CN 纳米管；染料敏化太阳能



















                             Abstract 
Low-dimensional nanomaterials are quite promising in development of 
nano-device and advanced materials for photovoltaic energy conversion and optical 
communication. Herein we investigated the structures, stabilities, electronic and 
optical properties of the four types of novel B2CN nanotubes by the density functional 
theory (DFT). Based on the first-principles calculations, the interactions between TiO2 
semiconductor and the classical organic dye D5 and photophysical properties of their 
adsorbed system as the dye-sensitized solar cell (DSSC) have been explored. 
Extensive DFT calculations with the periodic boundary condition have been used to 
investigate the CO-induced formation of the freestanding palladium nanosheets and 
the plausible mechanisms were proposed based on the first-principles study. The main 
contents and conclusions are listed as follows:  
(1) By rolling up the planar low-energy B2CN nanosheets along various chiral 
vectors, four types of zigzag and armchair B2CN nanotubes were constructed. The 
present calculations show that the structural and electronic properties of B-rich B2CN 
nanotubes strongly depend on their sizes and chiralities. The zigzag and armchair 
B2CN nanotubes with the small diameter generally are semiconductors, and their band 
gaps decrease as the tube-radius increases. When the diameter of tubes is enough 
large, the four kinds of nanotubes may produce the electronic behavior transitions 
from semiconductor to metal. The predicted dielectric and optical properties show that 
the zigzag and armchair B2CN nanotubes are the optical anisotropy with respect to 
light polarization. 
(2) The density of states (DOS), band structure, and photon adsorption properties 
of the D5-sensitized TiO2 semiconductor have been investigated by the density 
functional calculations. On the basis of predicted photophysical properties of the 
isolated dye D5 and its adsorbed state on TiO2, the direct electron injection 
mechanism from the dye molecule D5 to the TiO2 semiconductor under light 


















bottom of the conduction band of TiO2 is responsible for the electron injection. 
Present calculations can help us to understand the microscopic nature of the 
interaction between D5 dye and the TiO2 semiconductor for DSSC. 
 (3) The formation mechanism of freestanding palladium nanosheets was 
investigated by the first-principles calculations. The present results show that the 
formation of palladium nanosheets quite probably involves in situ reduction reaction 
on the surface of Pd nanosheets. At the high CO coverage (0.75ML), the most stable 
nanostructure was predicted to be the eight-layer nanosheet, where CO molecules are 
adsorbed on the hollow sites of the nanosheet surface. Moreover, there was almost no 
electron transfer between CO molecules and Pd nanosheet for the 8-layer system, 
suggesting that the 8-layer Pd nanosheet approaches a relatively stable electronic 
structure. The calculated work founctions of the seven-layer and nine-layer 
nanosheets are slightly smaller than that of the eight-layer nanosheet by 0.05 and 0.03 
eV, respectively, compared to 6.61 eV for the eight-layer nanosheet, lending further 
support that the eight-layer nanosheet is the most stable one among these nanosheets.  
 
Keywords: Density functional theory; Frist-principles calculations; Single-walled 
B2CN nanotubes; Dye-sensitized solar cell (DSSC); Semiconductor; Pd Nanosheets; 
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第一章    绪论 
1. 1 低维硼氮碳纳米材料的研究进展 
1. 1. 1 碳纳米管的研究进展 
自从 1991 年由日本科学家 Sumio Iijima[1] 首次发现碳纳米管以来，纳米管
因其新颖的物理和化学的特点作为一种新型的纳米材料而引起了科学家的广泛
关注。碳纳米管按照石墨烯片的层数可分为：单壁碳纳米管  (Single-walled 
nanotubes, SWNTs) 和多壁碳纳米管 (Multi-walled nanotubes, MWNTs)。相比较
而言，单壁管是由二维的单层石墨片段卷曲而成，具有直径大小的分布范围小，
缺陷少，以及更高的均一性等结构特点。典型的单壁管的直径在 0.6-2nm，而典
型多壁管的管径为 2-100nm， 大可达数百纳米。单壁纳米管于 1993 年分别被






Figure 1.1  Roll-up vector Ch (Ch = na1 + ma2) and chiral angle θ for a (n,m) 
SWCNT. 
 
如图 Figure1.1 所示，单壁碳纳米管通常是由螺旋矢量 Ch 定义的，Ch = na1 + 
ma2，a1 和 a2 为单位矢量，n、m 为非零正整数，螺旋角 (wrapping angle) θ为基
















(armchair)；当 n 或 m=0, θ=0˚，形成的纳米管的横截的管呈锯齿形，这一类纳米
管被称为锯齿型纳米管 (zigzag)；椅式纳米管和锯齿型纳米管统称为非手性纳米
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Figure 1.2  Different types of SWNTs zigzag (n, 0), armchair (n, n), chairal (n, m). 
 
单壁碳纳米管 (SWNTs) 的电子性质强烈的依赖于纳米管的半径和手性
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格中的位点。但是锯齿型和椅式 BNNTs 却呈现出和碳纳米管 (CNTs) 不一样的
半导体电子性质，与碳纳米管相比，它的半导体性质不随管径和手性的变化而改
变[28,29]。BNNTs 半导体的电子行为也不随纳米管壁层数的增加而改变[24,30]。相
比较而言，BNNTs 表现出与 CNTs 更高的热导性[31]和更强的抗氧化性[32]。  
1. 1. 2 硼氮碳纳米管的研究现状 
近，在理论上和实验上，杂化的 BCN 纳米管[33-54]作为一个潜在的材料去
修饰纯 C 和 BN 纳米材料已经备受人们的关注。Cx(BN)y 纳米管的性质被认为是
介于 CNTs 和 BN 纳米管性质之间的一种中间状态的纳米管[33]。通过不同的实
验方法，如电弧放电 [42-44]、裂解 [45,46]、激光烧蚀 [46]、热丝化学气相沉积法 
(HFCVD)[47]、等离子体增强化学气相沉积 (PECVD)[48]、等离子旋转电极过程 







对于 C 纳米体系[55]中包含不同 BN 比例的六角杂化的 BCN 体系，如 BC2N 
(2, 2)[39], Cx(BN)y
[33]，BCyN (y=1-4, 6, 8)，B3CyN3 (y=2, 4)
 和 B2CN2 纳米管
[55]，
理论上已经研究了它们的几何结构和电子性质。结果表明：包含 C-C 和 B-N
链的杂化的六角 BCN 纳米管的比其它没有包含 C-C 和 B-N 链的 BCN 纳米管
能量上更加稳定，类似的现象在 BC2N 多形态结构中也被发现
[56,57]，同时也发现
在层状结构中[58]，随着 C-C 和 B-N 键数的增多有利于提高体系的稳定性。 
理论和实验上大量的研究之前主要集中在 B 原子和 N 原子的比例为 1 的






[61]。Nakano 等人[62]在 7.7Gpa 和约 2000-2400 K 温度下从实
验上观测了具有层状石墨结构的 BC2N 结构的化合物向具有立方金刚石结构的 
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